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Energy Systems Language models of the resource base for the U.S. economy and of
economic exchange were used, respectively, (1) to show how energy consumption and
emergy use contribute to real and nominal gross domestic product (GDP) and (2) to propose
a model of coupled flows that explains high correlations of these inputs with measures
of market-based economic activity. We examined a third power law model of growth sup-
ported by excess resources and found evidence that it has governed U.S. economic growth
since 1900, i.e., nominal GDP was best explained by a power function of total emergy
use with exponent 2.8. We used a weight of evidence approach to identify relationships
among emergy, energy, and money flows in the U.S. from 1900 to 2011. All measures
of quality adjusted energy consumption had a relationship with nominal GDP that was
best described by a hyperbolic function plus a constant and the relationship between all
measures of energy consumption and real GDP was best described by a second order poly-
nomial. The fact that energy consumption per unit of real GDP declined after 1996 as real
GDP continued to increase indicates that energy conservation or a shift toward less energy
intensive industries has resulted in lower fossil fuel use and reduced CO2 emissions while
maintaining growth in real GDP. Since all energy consumption measures versus real GDP
deviated from a power law relationship after 1996; whereas, total emergy use did not, we
concluded that total emergy use captured more of the factors responsible for the increase
in real GDP than did energy measures alone, and as a result, total emergy use may be
the best measure to quantify the biophysical basis for social and economic activity in the
information age. The emergy to money ratio measured as solar emjoules per nominal $
followed a decreasing trend from a high of 1.01E+14 semj/$ in 1902 to 1.56E+12 semj/$ in
2011 with fluctuations in its value corresponding to major periods of inflation and deflation
over this time.
Keywords: emergy to money ratios, emergy of the energy consumed, emergy evaluation of the U.S., quality adjusted
energy consumption, nominal and real GDP, money supplies
INTRODUCTION
In 1994, Ken Watt stated that “For a century two different bod-
ies of theory have been developed to account for the dynamic
behavior of society. One assumed that money, interest rates, the
policy decisions by governors of central banks, and related vari-
ables accounted for historical change. The other assumed the
interplay between resource availability, particularly energy, and
demographic variables determine societal dynamics. Temporar-
ily the former is in the ascendancy . . ..” In this context, it is clear
to us that a deep understanding of the relationship between eco-
nomic activity and the energy, material, and information resource
base that supports it is essential for guiding economic develop-
ment, and for minimizing the impacts of wastes, e.g., the effects
of excess CO2 production on the global ecosystem. At present, the
dominant economic paradigm used to manage the United States
(U.S.) in the twenty-first century is not as fully informed as it
could be, i.e., only an understanding of the mutual coupling of
money as a counter current to energy, material, and information
flows (Odum, 1983) will provide a holistic mechanism for man-
aging society. Watt (1994) goes on to say, “However, the situation
will clearly have reversed by shortly after the year 2000. It will
have become apparent that the presently dominant theory has no
predictive utility. There will be only one completely worked out,
synthetic theory to which people will be able to turn for guid-
ance: that developed by Odum, and applied to many situations by
his students.” In this paper, we will examine how Energy Systems
Theory, EST (Odum, 1983), and the emergy evaluation methods
derived from it (Odum, 1996) provide a more robust basis for
understanding economic activity than that available from financial
methods alone or by using other less comprehensive biophysical
approaches, e.g., measures of energy consumption.
One illustration of the way that EST integrates economic activ-
ities within the context of their biophysical basis is the emergy to
money ratio (EMR). This index relates the economic activities of
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society in a given year as measured by the nominal Gross Domes-
tic Product (GDP), of a nation, state, or region to the underlying
flows of emergy or real wealth1 that support the economic activi-
ties of the system in that year (Odum, 1996). For example, the EMR
shows the average power of money to buy real wealth in a system,
which then can be compared to the buying power of money in
other systems. Thus, if more money circulates for a given flow of
real wealth (emergy), or if the flows of real wealth decline for the
same money flow, the buying power of money will decline. Either
of these events will cause an economic condition called inflation
(Odum, 1983, 1996). Therefore, the change in the EMR of a sys-
tem over time is an indicator of the change in the inflation rate
in that system. The inverse of this condition is deflation caused
by a declining money flow while the flow of real wealth remains
constant, increases, or decreases at a slower rate.
Our general approach is to use theoretical models and hypothe-
ses to guide exploration of ideas about the way that economic
activities are integrated within environmental systems and to
investigate observed patterns in the relationships among energy,
emergy, and money flows of the U.S. from 1900 to 2011. We used
EST and the Energy Systems Language (ESL) (Odum, 1983) as
the basis for model construction. We created three ESL mod-
els, which we used to formulate sets of hypotheses about (1)
how national economic systems are organized, (2) how money
flows and emergy flows are coupled, and (3) the dynamics that
control growth in a national system that has access to excess
resources. Note that by drawing an ESL model, interrelated sets
of working hypotheses are an outcome of the structure of the
model. Together, these models begin to demonstrate that emergy
use provides a more robust explanation of economic activity
than other biophysical measures and economics alone. In this
paper, emergy use and total emergy use both refer to the emergy
used annually, solar emjoules/year, to support the U.S. econ-
omy and are equivalent to empower. The EST models presented
provide a theoretical basis for understanding relationships that
1Real wealth is what a quantity of available energy, material or information can do
when used in a system for its intended purpose as contrasted with its monetary
value. For example, a given car will drive only so far on a liter of gas, regardless of
the price paid at the pump. Emergy is a normalized measure of work potentials of
all kinds when that work is done within its system, i.e., emergy measures real wealth.
may not have been well understood within existing research
studies on these topics using other perspectives. In addition,
we look for ways to definitively demonstrate that emergy use
is superior to measures of energy consumption alone in the
ability to explain variations in economic activities, i.e., changes
in nominal and real GDP in the U.S. economy over the past
112 years. To accomplish this end, we formulated several null
hypotheses (see Theory and Hypothesis), but primarily, we use
a weight of evidence approach that combines data analysis with
various statistical methods and tests to answer our research
questions.
The research questions were designed to gain a better under-
standing of how measures of energy consumption and emergy
use are related to economic activity, i.e., nominal and real GDP.
To accomplish this, we focused on the analysis of pairs of vari-
ables (Table 1) with the goal of increasing our understanding of
the causal relationships among them and the functional forms
that best described these relationships. We were also interested in
obtaining a better understanding of the causes and magnitude of
the great economic events of the twentieth century and, in partic-
ular, to investigate the magnitude, causes, and consequences of the
Great Recession of 2008–2013 (GR08).
Hypotheses cannot be tested without data, and in this case, a
new analysis of the emergy basis for the economy of the U.S. from
1900 to 2011 was the vehicle that provided the information needed
to formulate questions and evaluate relationships. We used empir-
ical data of known uncertainty gathered by government sources
in a uniform manner, along with the latest information on unit
emergy values (UEVs) to calculate or update the emergy inputs
supporting economic activities of the U.S.
Following the introduction, this paper includes a consideration
of previous studies relevant to the analysis (see Past Studies and
Events Relevant to the Analysis), a presentation of the theoretical
models and hypotheses used in the weight of evidence approach
(see Theory and Hypothesis), the emergy, energy, economic, and
statistical methods used (see Methods), the results of our analyses
(see Results), a discussion of the major findings (see Discussion),
and conclusions (see Conclusion). Supplementary Material con-
tains the detailed methods used in evaluating the U.S.; the tables of
the UEVs used; and the emergy inputs to the U.S. economy from
1900 to 2011 along with the total emergy use and the EMR.
Table 1 | Pairs of emergy, energy, and economic variables for which relationships were explored in this paper, where unadjusted, QA I, QA II, QA
III, and Emergy QA are the energy consumption variables (see Energy Methods).
Variable X /Y a Nominal GDP Real GDP Emergy use Unadjusted QA I QA II QA III Emergy QA
Nominal GDP x x x x x x
Real GDP x x x x x x
Emergy use x x x x x x x
Unadjusted x x x
QA I x x x
QA II x x x
QA III x x x
Emergy QA x x x x x x
aThe independent variable X is in the rows, the dependent variable Y in the columns. Lower case x denotes the relationships examined.
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PAST STUDIES AND EVENTS RELEVANT TO THE ANALYSIS
PAST STUDIES OF THE RELATIONSHIP BETWEEN EMERGY USE AND
MONEY FLOWS (GDP)
The EMR has been calculated in many studies evaluating nations
and states for particular years (Odum, 1996; Brown, 2003; Camp-
bell et al., 2005a; Campbell and Ohrt, 2009). However, there are
fewer studies that calculate this index over a long period of time.
Odum (1996) presents a table that estimates the EMR for the U.S.
from 1947 to 1993. Odum made these calculations based on a com-
plete emergy analysis of the U.S. in 1983. The EMRs for years other
than 1983 were determined by substituting the available annual
data for energy use and Gross National Product (GNP) into the
expression for the EMR under the assumption that all other values
remained constant over the period. More recently, Tilley (2006)
estimated the emergy inputs supporting the U.S. economy from
1790 to 2000 to use in evaluating the emergy basis of technology.
Tilley took into account the changing area of the U.S. over this
time and he used empirical data and some assumed functional
relationships to estimate the emergy inputs supporting the U.S.
economy. Tilley’s estimate for the emergy of the minerals required
was based on a small subset of the 82 minerals assessed in this
study and he notes that this is the most uncertain input in his
analysis.
An earlier version of this paper (Campbell and Lu, 2009) con-
tained data on the U.S. system up to 2007. When that study was
first performed, the U.S. economy was mired in the depths of the
decline that Stiglitz (2010) has called the Great Recession of 2008.
We were intrigued by the fact that there was no hint of GR08 in
the data on energy consumption and GDP that were available to
us at that time, i.e., through 2007. However, the leading edge of
the recession was visible in 2007 as evidenced by a decline in the
emergy of minerals used to support the U.S. economy in that year.
By completing this study in 2013, when an additional 4 years of
data were available, we were able to quantify GR08 in terms of
the perturbation of emergy, energy, and monetary flows; thereby,
increasing our understanding of this event. GR08 will be exam-
ined as a subtheme in this paper, because the interrelationships
between emergy use, energy consumption, and economic activity
can be clearly observed in this perturbation. The financial and eco-
nomical aspects of GR08 have been examined by Stiglitz (2010)
and we will draw on this work along with other general read-
ings on the subject to provide an understanding of the financial
and economic conditions that are the context for our examina-
tion of the perturbation of emergy, energy, and material flows that
characterized this event.
PAST STUDIES OF THE RELATIONSHIP BETWEEN ENERGY
CONSUMPTION AND GDP AND VICE VERSA
There have been many studies in energy economics that attempt
to establish causality from economic activity to energy consump-
tion or vice versa. Many of these studies focus on verifying that
energy use and associated CO2 production can be reduced without
harming economic growth (Huang et al., 2008; Menegaki, 2014).
This research has focused primarily on identifying the direction of
causality between energy consumption and GDP. In these stud-
ies, causality is determined most often using a statistical time
series method first proposed by Granger (1969), which has been
modified and improved over time (Stern, 1993, 2000; Soytas and
Sari, 2003; Oh and Lee, 2004; Amiri and Zibaei, 2012; Menegaki,
2014; Yildirim et al., 2014). Granger proposed that the existence
of a causal relationship between two variables could be tested by
determining if there was a correlation between past values of a
variable, X, and that part of another variable, Y, which cannot be
predicted from its own past values. If no correlation is found, the
implication is that X has no causal influence on Y (Sims, 1972).
Four possible outcomes of the time series analyses of the data are
as follows: (1) growth in energy consumption causes or leads to
growth in real GDP or in some cases another measure of national
income; (2) growth in real per capita GDP leads to growth in
energy consumption; (3) mutual causality or a feedback loop with
greater GDP leading to greater energy consumption and vice versa;
(4) no effect of GDP on energy consumption and vice versa,
i.e., neutrality. Many examples of different national studies per-
formed at various times illustrating the different possible results
can be found in the references given by Huang et al. (2008). Oh
and Lee (2004) point out that over the past 30 years, there have
been many studies investigating Granger causality between energy
consumption and GDP and vice versa, but that the empirical evi-
dence obtained remains ambiguous and these studies have not
resulted in a clear consensus on the nature of this relationship.
Our review of more recent literature (Narayan and Popp, 2012;
Yildirim et al., 2014) does not demonstrate that the situation has
improved very much with the use of different methods. Perhaps
the state of these studies is best summed up by Beaudreau (2010),
who wrote, “Despite their growing technical sophistication and
empirical breadth, Granger energy-GDP causality tests remain
inconclusive, leaving unresolved the increasingly relevant debate
over the role of energy or energy growth in economic growth.”
Even though the results of these studies are variable in space and
time and the overall results are inconclusive, understanding the
relationship between energy consumption and GDP is not a moot
point. In fact, the existence of a relationship in either direction or
indeed the non-existence of a relationship may affect the choice of
environmental, energy, and economic policies (Lee, 2006).
Another more comprehensive and systems-based approach
to gaining an understanding of the basis for economic activ-
ity through energy analysis can be found in Hall et al. (1986).
Embodied energy and exergy analyses of the relationship between
different measures of energy consumption and economic activity
in the U.S. economy were considered by Cleveland et al. (1984)
and Ayres et al. (2003), respectively. In this study, we will draw on
the work of Cleveland et al. (1984) to provide the means for com-
paring energy consumption measures as predictors of economic
activity with emergy measures.
PAST STUDIES OF THE RELATIONSHIP BETWEEN EMERGY, ENERGY,
AND GDP
Ko and Hall (2003) examined the relationship between nominal
GDP and quality-corrected commercial energy use for 17 coun-
tries over 35 years and compared the results to the relationship
between nominal GDP and total emergy use for the same nations
and time period. They found high values for the coefficients of
determination for linear regression models of GDP per unit area
versus commercial energy use per unit area for those countries over
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the three times examined (i.e., R2= 0.990, 0.994, and 0.962 for all
countries in 1970, 1980, and 1990, respectively). In a similar analy-
sis, they also found high R2 values for the linear regression model
of area normalized GDP to area normalized total emergy use (i.e.,
R2= 0.989, 0.994, and 0.949 for all countries in 1970, 1980, and
1990, respectively). Greater differences in the ability of emergy
use and quality-corrected energy consumed to explain economic
activity of the various nations were observed when the three coun-
tries, with the most intense energy, emergy, and economic flows
(i.e., Korea, the Netherlands, and the U.S.) were removed from the
data set. In this case, the R-squares of the relationships between
emergy use and GDP (0.477, 0.692, 0.778 in 1970, 1980, and 1990,
respectively) declined more in all three periods examined com-
pared to the decline in the ability of quality adjusted (QA) energy
consumption to explain GDP (0.813, 0.784, and 0.801 in 1970,
1980, and 1990, respectively).
THEORY AND HYPOTHESIS
OVERVIEWMODEL OF SOCIETY AND THE ENVIRONMENT
A model that can be used to investigate the relationship between
environmental resources and the activity of socioeconomic sys-
tems, as described earlier by Watt, is shown in Figure 1. The World
System model looks at the relationships between the environment
and socioeconomic processes as a whole, but it can also be modi-
fied to describe a national system. For the whole Earth, the primary
exchanges with the larger extraterrestrial system are solar and grav-
itational energy entering the Earth (the circles in Figure 1) and
long wave radiation reradiated into space as heat (part of the heat
sink or arrow to ground symbol in Figure 1). Reflected radia-
tion is indicated by the flow of solar energy leaving the system,
JR. This model shows the hypothesized connections within the
system of environment and society in terms of the emergy flows
resulting from the work of human beings (JHW pathways) and
the emergy flows from the work of the environment (JNW path-
ways), as well as emergy flows of products produced by nature
(JNP) and in the economy (JEPS). Within the large box indicating
the spatial boundaries of the World System, solar and gravitational
available energy2 entering from outside (two parts of JNW1) inter-
act with the available energy from the Earth’s heat flow (the third
part of JNW1) to create the secondary available energy flows and
processes of the planetary system, e.g., the rain, wind, continental
drift, tides, waves, rivers, etc. Over millions of years, the biogeo-
chemical processes of the planet slowly generate storages of fossil
fuels and minerals within the Earth’s crust. These processes are
designated as JNW2, which means the flow of nature’s work on the
second class of pathways.
2In this paper, available energy refers to energy with the potential to do work or the
work that can be done in relation to some ground state, also called exergy.
FIGURE 1 |This Energy Systems Language (ESL) diagram of the World
System shows the interaction of external energy sources driving slow
and fast planetary processes, which support the economies and
societies of the world. The diagram represents energy sources (circles),
storages (tanks), and flows of materials, energy and information (solid black
lines), and money (dashed lines). System boundaries and subsystems are
delineated by boxes, the interaction of flows by rectangular arrows containing
a mathematical symbol, production systems by the bullet shaped symbol, and
consumers by the hexagon. The exchange of money for goods is represented
with a diamond symbol (Odum, 1983).
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Natural ecosystems also do work that directly and indirectly
supports the activities of the world’s ecological and socioeconomic
systems. For example, indirect work on pathway JNW3 includes
photosynthesis that fixes carbon and replenishes oxygen in the
atmosphere, which is necessary for all life, the movement of clean
air that replaces contaminated air over cities and water flows that
provide the capacity to dilute municipal wastes. In addition, nature
does direct work to transform and process the wastes produced by
socioeconomic systems (JNW4), e.g., the bacterial metabolism that
denitrifies sewage wastes and particulate and dissolved organic
carbon that chemically bind toxic materials, which then settle at
the bottom of water bodies and are ultimately removed from the
biosphere by burial in the earth. In this case, material leakage
from the socioeconomic systems joins the normal cycles of mate-
rial processing used to maintain the biosphere that occur within
the producer symbol, adding to the load on these processes. Nat-
ural products (NP) are used by ecosystems, but some of these
products (JNP1), e.g., soils, timber, groundwater, etc., are appro-
priated for use by the socioeconomic system. The emergy flow
in fuels and electricity (JNP2) acts to arrange and order material
products using the prevailing technology of the time. Humans
do work (JHW1) on the environmental system to extract and
process raw materials provided by the work of the environment,
i.e., non-renewable products like fossil fuels and minerals, as well
as renewable products (JNP1) like soils or timber. These poten-
tially renewable inflows are considered to be non-renewable when
they are being used by the socioeconomic system at a rate that is
faster than their natural renewal rate. Also, human work (JHW2) is
used to carry out economic production using raw materials and to
perform other processes, e.g., waste treatment and material recy-
cle, as well as other functions of society. People build assets and
knowledge through carrying out economic processes and using
the economic products and services (JEPS) produced. In turn, they
use these assets along with their knowledge and experience to
perform the work processes needed to capture more fossil fuel,
mineral, and renewable energies to be used to further build and
maintain society.
A special category of human work (JHW3) is recognized as
important in this model, i.e., the work performed to extract avail-
able energy from the renewable energy flows (JNP1′), which can
be used directly in running socioeconomic systems. This work
creates, maintains, and operates infrastructure capable of trans-
forming renewable energy into electricity or another high quality
form of energy that can be used to operate the socioeconomic
system. The sustainability of civilization in the long run depends
on the success of human endeavors in magnifying work done on
pathway JHW3 to the point where it can carry out most of the work
processes needed to support socioeconomic systems. For exam-
ple, some current research on this problem focuses on strategies
and methods to carry out a successful social transition from fossil
fuel based economies to renewable economies. Sgouridis (2014)
argues that this transition may be characterized by an“energy trap”
in which investment in renewable energy technologies before fossil
resources peak is insufficient to maintain a post-peak society based
largely on renewable energy. He provides a proposal for insuring
a successful transition to a sustainable energy future through the
implementation of energy-based currencies.
Money flows (dashed lines in Figure 1) track the flows of avail-
able energy in human work (JHW pathways) as a counter current
but do not flow counter to nature’s work (JNW) pathways. This dia-
gram shows how economic processes are dependent on the work
processes of nature, but that money does not track or account for
these natural work processes; therefore, money flows in a market
economy are an incomplete measure of the work required to assure
the continued and proper functioning of society and of the value
incorporated in economic products and services (JEPS). A crucial
feature of this model is that materials in the form of mineral prod-
ucts, e.g., coal oil, uranium, iron, etc. and NP, e.g., timber, soils,
water, etc. are incorporated into economic products and services
through the expenditure of fossil fuel and other energies con-
trolled by knowledgeable human actions (e.g., technology). In this
model, the flows of minerals, human work, fossil energy, and NP
are all part of the same network of coupled interactions; and thus,
they are not independent, but rather are functions of one another
because of their multiplicative interactions. This model illustrates
the conceptual basis that explains why emergy, which can quantify
the flows on all pathways, is potentially a better (more complete)
measure of economic activities than either money flows or energy
consumption alone, each of which quantifies only some of the sys-
tem’s pathways. To further examine this point, we formulated the
following null hypothesis, which we will subsequently test as part
of our weight of evidence approach.
H 0: The total emergy use to real GDP ratio will explain less of
the variance in economic activity from 1900 to 2011 than will the
ratios of unadjusted and QA energy consumption to real GDP.
ENERGY/ECONOMIC ANALYSES AND A MODEL OF COUPLED FLOWS IN
ECONOMIC EXCHANGE
The model in Figure 2A represents the situation investigated by the
application of Granger-related methods in the literature on energy
economics as described in Section“Past Studies of the Relationship
between Energy Consumption and GDP and Vice versa.” Perhaps,
one reason that these studies have never produced a comprehen-
sive overall synthesis of the results is that, for the most part, they
have been performed in an exploratory manner without a valid
underlying model of the process (Beaudreau, 2010). As shown in
Figure 2A, the process being examined is one in which the flows
of money are coupled through exchange mechanisms (prices) to
the purchased flows of energy, materials, and information being
supplied to production processes. These exchange mechanisms are
governed by the laws of supply and demand and the price mech-
anism. As a result, plots of money flow versus energy or emergy
flow and vice versa are plots of coupled variables, and therefore
high positive correlations among these variables are expected. In
this model (Figure 2A), Q is a supply of available energy, material,
or emergy (in J, g, or semj) and M is an amount of money ($). A
flow of some biophysical quantity, JQ [e.g., in joules per year (J/y)]
results from an expenditure of money governed by the supply and
demand relationship:
JQ = JM/p = k ∗M ∗Q, where p ∝ 1/Q (1)
Here the asterisk sign means multiplication and the price,
p (e.g., $/J) is an inverse function of the supply of Q. This
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FIGURE 2 | (A) An ESL model of one possible coupling between energy
and money flows. A flow of money, JM, ($/y) directed toward the purchase
of available energy Q (Joules) is demand. In this case, the price is inversely
proportional to the supply of available energy (1/Q), so as the supply
decreases the price is adjusted upward. The flow of energy, JQ, (J/y) is then
proportional to the demand divided by the price. (B) A model of the
super-accelerated growth of system assets, A, due to cooperative
interactions (A2 term on pathway k2) among people and their institutions.
Symbols drawn with dotted dark gray lines and the dark gray term in the
equation indicate that a quadratic drain is needed to level growth. The
dashed circle indicates the dollar flows coupled to the flow of available
energy and light gray lines are used energy leaving the system. The third
power law comes into play due to the A2E (E3) interaction.
formulation mathematically demonstrates the coupling between
emergy, energy, or material flows as JQ and the related money
flows (i.e., JQ= k*M*Q), where k has reciprocal units, so that k
(1/$*y)*M ($)*Q (J) gives a flow of available energy (J/y). Alter-
natively, JQ (J/y)= JM ($/y)/p ($/J) where p α 1/Q. In this case,
available energy or material flows are necessary for flows of real
wealth (emergy) to occur. In addition, to helping us understand the
difficulty in definitively establishing causality in a system of cou-
pled flows, the model in Figure 2A informs our analysis of all the
relationships between pairs of variables mentioned in the Section
“Introduction” (Table 1). Note that the energy consumption vari-
ables in unadjusted and QA forms are those used by Cleveland
et al. (1984) in their analysis of the U.S. economy from an embod-
ied energy perspective, i.e., based on QA energy consumption
(see Energy Methods). Energy analysts have been reluctant to use
emergy as a quality adjustment factor (Cleveland et al., 2000),
thus we state the following null hypothesis, which we subsequently
test:
H 0: The emergy of the energy consumed (Emergy QA) can be
shown to be significantly different from other energy consumption
variables, i.e., both unadjusted and QA energy consumption.
A MODEL DESCRIBING GROWTH OF THE U.S. ECONOMY FROM 1900
TO 2011
Odum (1983) gives a model for super-accelerated growth of the
assets of a socioeconomic system, which may result from coop-
eration among people or social organizations, e.g., companies,
religious organizations, institutions, etc. The equation for this
model is given in Figure 2B by a modified version of the model in
Odum (1983) as follows:
dA/dt = (k1 − k2)A2E − k3A− k4A2 (2)
where A is some measure of the total assets of society, e.g., emergy
or available energy and E is the available energy or emergy of the
resource input (J/y or semj/year). The coefficients, k1− k2, respec-
tively, represent the pathway coefficients (Odum and Odum, 2000)
controlling the gross intake of resources and the resources required
to capture those resources, so that k1− k2 is analogous to net pro-
duction of an ecosystem. Pathway coefficients k3 and k4 determine
the rate of energy or material loss in the linear and quadratic cata-
bolic pathways. All coefficients have reciprocal units so that the
units of the flows on all pathways are correct (Odum and Odum,
2000). Note that drains of higher order (dotted lines and terms,
k4A2 in Figure 2B and Eq. 2 shown in dark gray) or drains matched
to the growth interactions (Smith, 1976), e.g., the increasing neg-
ative effects of pollutants on a growing economy, are needed to
stabilize this model.
The capacity of human beings to cooperate in endeavors (Von
Foerster et al., 1960) is responsible for the quadratic term in the
feedback governing growth (i.e., A2E in Eq. 2, where A2 is the qua-
dratic effect of the cooperative use of assets on growth. Since A is a
function of E, growth is proportional to E3. Thus, resource inflows
should be a function of the third power of the available energy and
its associated emergy, which drive asset growth giving rise to a sim-
ilar growth curve for economic activity (nominal GDP, $ flow in
Figure 2B), which is directly coupled to the available energy and
emergy flows. Odum notes that although the U.S. appears to have
followed this growth curve during the twentieth century, it is not
a sustainable pattern as shown above by the need to add higher
power drains to level growth.
Since economic activity is coupled as a counter current to
energy and emergy flow (Figure 2A), we might expect nominal
money flows ($) to follow a super-exponential or a higher power
law as a function of the available energy of resources (Canadell
and Mooney, 2002) and that in the ideal case of full cooperation,
economic activity would be expected to increase in proportion to
the third power of the emergy used (Odum, 1983). A similar rela-
tionship is expected for energy consumption, since excess resource
availability makes super-accelerated growth possible (Odum,1983,
p. 149). In this manner, the emergy of resources is incorporated
into the assets of society more rapidly, which can then feedback
through interactions to gain more resources in competition with
other users. The system with the greatest emergy gains maximizes
its empower and will prevail in competition (Odum, 1983, 1996).
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In our view, the existence of this relationship has more of the
character of an EST legend than it does a well-documented fact.
The mathematical evidence is clear that this growth form should
be observed for systems with a cooperative feedback to gain avail-
able energy, but in practice super-accelerated growth has been
rarely demonstrated and then most often in systems unrelated to
human cooperation [e.g., the Schlögl chemical reaction in Nicolis
and Prigogine (1977)]. Odum noted that the U.S. appears to have
followed this growth curve during the twentieth century, but we
were not able to find the reference where this was demonstrated.
For this reason, we decided to take advantage of the long history
of growth in the U.S. economy assembled for this study to look
for evidence of this theoretically predicted but empirically elusive
relationship. We formulated the following null hypothesis to help
us determine if a third power law may have governed growth in
the U.S. economy from 1900 to 2011:
H 0: The exponent describing a power function relationship
between nominal GDP and total emergy use will fall to a least
2 SD outside of a normal distribution with mean 3 (i.e., a third
power law) and SD 0.299 (see Nominal and Real GDP as a Func-
tion of Total Emergy Used and Energy Consumed), which is the
observed SD of the exponents of the power function relationships
between nominal GDP and all measures of energy consumption
and total emergy use.
THE LINK BETWEEN EMERGY USE AND ENERGY CONSUMED AND
ECONOMIC ACTIVITY IN DEVELOPING AND DEVELOPED ECONOMIES
The correlation observed between total emergy use and measures
of economic activity such as GDP will be determined largely by
the fraction of the total emergy used that is represented in the
GDP calculation. In Figure 1, JHW1, JHW2, and JHW3 represent
emergy flows considered within GDP, but the NW3 pathway is
not directly coupled to money flows. In addition, most of the
emergy of raw products flowing on JNP1 and JNP2 comes from
the work of nature, e.g., about 30% of the emergy value of for-
est products is tracked by money at the point of extraction from
nature (Campbell and Cai, 2007). Thus, we might expect the cor-
relation between total emergy use and GDP to be diminished for
systems in which the emergy flows on pathways JNW3, JNP1, and
JNP2 are large compared to the emergy flows on JHW1, JHW2, and
JHW3, as found by Ko and Hall (2003) when the three most energy
and economically intensive countries were removed from their
analysis. In the case of this analysis of the U.S., the correlation
between both energy and emergy use and GDP is expected to be
high, because most of the emergy and energy flows supporting a
developed economy are directly coupled to economic production
functions.
Theoretically, it is plausible that total emergy use to real GDP
correlations may exceed the QA energy consumed to real GDP
correlations in advanced economies, because minerals and NP,
like timber, are required for production processes and also are
coupled with GDP, but their contributions to the economy are not
completely captured by the QA energy consumption required for
their extraction and processing. Therefore, energy consumption
measures may not contain all of the relevant information about
economic production needed to result in the highest correlations
with GDP.
METHODS
EMERGY EVALUATION METHODS AND MEASURES
A general introduction to the methods of environmental account-
ing using emergy can be found in many publications, e.g., Brown
and Ulgiati (2004), Campbell et al. (2005a), and Campbell and
Ohrt (2009) since they were first put forward by Odum (1996).
Emergy is a quantity based on the second law of thermodynamics,
because it is a measure that accumulates all the available energy
used up in the process of creating any item after converting those
energies to a common base, i.e., an emjoule (emj) of solar energy,
coal energy, etc. The transformation to emergy units normalizes all
inputs to a production process in terms of an equivalent ability to
do work, when used within a system that has had time to adapt to
its inputs (see The Emergy Basis for Economic Activity: Coupled
flows). Emergy is formally defined as the available energy of one
kind previously used up directly and indirectly to make a prod-
uct or service (Odum, 1986, 1988; Scienceman, 1987). Emergy is
measured in solar emjoules (semj)3. The emergy of any product
or service can be quantified by obtaining data on the available
energy or mass of the product or service and then multiplying
this value by the appropriate emergy per unit value, UEV, i.e., the
transformity (semj/J) for available energy or the specific emergy
(semj/g) for mass, etc. Emergy analyses are carried out using trans-
formities, specific emergies, and other UEVs that are determined
relative to a particular planetary baseline (Odum, 1996; Campbell,
1998), which in turn, is determined from the equivalences estab-
lished for the three primary energy inputs to the biogeosphere,
i.e., solar radiation, deep heat flow from the Earth, and the gravi-
tational attraction of the sun and moon. In this study, we use the
9.26E+24 semj/y baseline recommended by Campbell (2000) and
Campbell et al. (2005b).
First, the method used here to define the EMR for the U.S. is
to identify the principal sources of emergy supporting economic
processes over the time period of interest. Second, identify sources
of data needed to quantify those inputs and develop estimation
methods where the specific data needed are not directly avail-
able. The third step is to locate or calculate the appropriate UEVs
needed to convert the units of the raw data into estimates of annual
emergy flow. Next, the raw data values for each year are converted
to energy or mass and then multiplied by the appropriate UEV. A
new emergy analysis method that was developed after this study
avoids double-counting in the evaluation by making the process of
specifying inputs mathematically explicit through using the union
function from set theory (Morandi et al., 2013, 2014).
A contribution of this study is the use of a more complete eval-
uation of the emergy supplied to the U.S. economy in the minerals
consumed. The quantification of the specific emergies of min-
erals is a current topic of research; nonetheless, we were able to
find specific emergies in Cohen et al. (2007) for many minerals
3We use the abbreviation semj for solar emjoules as proposed by Scienceman (1992).
Odum (1988) originally used sej as the abbreviation for solar emjoule; however, he
abbreviated the generic unit emjoule as emj (Odum, 1996). An emjoule is a joule of
available energy of one kind used in the past. If solar energy is used as the base unit,
the unit of emergy is the solar emjoule (semj). Solar emjoules are solar equivalent
joules (seJ) that have been used in the past; however, the term solar equivalent joule
does not carry the meaning of past use.
www.frontiersin.org October 2014 | Volume 2 | Article 41 | 7
Campbell et al. Relationships among the energy, emergy, and money flows
evaluated in this study. However, we found problems with some
of Cohen et al.’s (2007) specific emergy values. They estimated the
specific emergy of minerals in two ways: (1) the specific emergy of
the mineral was determined based on the ore-grade cutoff (OGC)
or the concentration of the mineral used in the economy rela-
tive to the mineral’s background concentration in the crust and
(2) for cases in which the OGC was unknown, they used a rela-
tionship between OGC and price to estimate the OGC. We found
that Cohen’s numbers obtained from the economic method were
often incorrect and as a result, we recalculated several values by
finding data on the OGC of the mineral. Crustal concentrations
are known with moderate uncertainly. For example, Brobst (1973)
gives the crustal concentration of barium as 300–500 ppm. We
used 300 ppm as our estimate in calculating the specific emergy
of barite, which was corrected from Cohen et al.’s value in this
study. Moderate variability also exists in the OGC, e.g., for barite
it is 200–300 pounds of recoverable barite per cubic yard with a
minimum of 220 lbs per cu. yd to be profitable (Brobst, 1973). The
OGC values may change with resource depletion and technological
development.
Among emergy researchers, it is well known that the trans-
formities and specific emergy values are, in general, the most
uncertain numbers in any calculation. Various methods have been
used to reduce uncertainty, e.g., Bastianoni et al. (2005) used a
determination of the maximum power transformity of petroleum
from its optimum geological formation process to verify the trans-
formity for crude oil that had been determined by back calculation
of the relative efficiency of electricity generation and factors relat-
ing coal to transportation fuels and transportation fuels to crude
oil. In this case, the values agreed within 5%. Most transformities
are not known with this accuracy and an incorrect choice in calcu-
lation can easily result in an order of magnitude error as was found
to be the case for barium in this study. The errors in calculating
transformities can be reduced by using a self-consistent method
that is scientifically plausible as was done by Cohen et al. (2007)
for his method using the OGC.
The ESL model in Figure 3 shows the inputs and internal struc-
tures of the U. S. national system following the method of energy
analysis for a nation described in detail in Odum (1996) and for a
state in Campbell and Ohrt (2009). An emergy evaluation of the
EMR for a system does not require a full emergy analysis of the state
or nation, i.e., only the evaluated pathways in Figure 3 are needed.
For example, exports were not evaluated in this study, because they
are not part of the annual emergy required to support the Nation.
The evaluation methods used to document emergy inputs to the
U.S. economy from 1900 to 2011 are presented in Supplemen-
tary Material. The following major classes of emergy inputs were
documented: (1) renewable energy sources from the environment,
FIGURE 3 | An ESL diagram of the emergy basis for the Untied States evaluated for the year 2000 is shown. ESL symbols are defined in Odum (1983)
and briefly in the caption of Figure 1.
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(2) soil erosion, (3) energy consumption, (4) minerals consumed,
(5) imported goods other than fuels and minerals, (6) imported
services in goods, fuels, and minerals, (7) imported services and
(8) immigrants, who bring the emergy of their knowledge and
experience into the country. Numbers in italics within standard
parentheses reference internet data sources used in the U.S. emergy
evaluation and are listed in the Data Sources section found at the
end of the supplement to this paper (see Supplementary Material).
ENERGY METHODS
Energy consumption in BTUs was converted to joules and cor-
rected to account for differences in the capacity of different forms
of energy to do work by multiplying the various energy sources
by quality factors. Three quality adjustments were used following
Figure 3 in Cleveland et al. (1984) and Ko and Hall (2003). For
Quality Adjustment I (QA I), coal consumption was assigned a
factor of 1, natural gas and petroleum consumption were multi-
plied by a factor of 1.3, and all kinds of electric power by a factor
of 4 (Cleveland et al., 1984). For Quality Adjustment II (QA II),
we multiplied biomass and coal consumed by 0.92, petroleum and
natural gas consumed by 1.74, and all kinds of electric power by a
factor of 16.8 (Cleveland et al., 1984). For Quality Adjustment III
(QA III), we multiplied primary electricity generated by a factor of
2.6, reflecting the efficiency of turning other forms of energy into
electricity (38% thermal efficiency), following Ko and Hall (2003),
while including all of the fossil fuel energies with a weighting of
1. The emergy of energy supplied annually by the various energy
sources to the U.S. was determined based on the primary source’s
contribution of emergy, e.g., the emergy of coal is the primary
input and thus the emergy of the secondary use of coal in generat-
ing electricity is not considered in comparing the sources’ emergy
contributions.
ECONOMIC MEASURES
We obtained data on the economic activity of the U. S. over the
periods for which it was available as quantified by the nominal
GDP (in current $) and real GDP in chained 2000 dollars4. Nom-
inal GDP is adjusted for the change in purchasing power of the
dollar over time to determine the real GDP. This was accomplished
using the GDP deflator to adjust the dollar values of nominal GDP
to reflect prices in a base year.
To further explore the relationship between emergy and money
in the U.S. economy, we obtained data on the M1 and M2 money
supplies5 from 1959 to 2011 and data on the M3 money supply
from 1964 to 2011. In addition, we assembled data on the Federal
4Real GDP reflects the buying power of the dollar referenced to a base year, in this
case 2000. “Chaining” uses pairs of years to determine the average quantities of
goods and services that could be purchased by a dollar. The second year becomes
the first year in the subsequent pair, thus the measure is said to be “chained.”
5M1 funds are currency, traveler’s checks, and demand deposits such as checking
account balances. M2 includes all the funds in M1 plus savings accounts and small
denomination time deposits. M3 is the broadest measure of the money supply avail-
able in the U.S. economy and it includes M1 and M2 plus balances in institutional
money market funds, large denomination time deposits of 100,000 or more, repur-
chase agreement liabilities of depository institutions on U.S. government and federal
agency securities, in denominations of 100,000 or greater, and Eurodollars held in
foreign banks by U.S. addresses.
Reserve’s injection of money into financial institutions through
a bond buying program called Quantitative Easing (QE), which
started in 2008. To obtain the broadest current measure of the
money supply in the U.S. economy, we added QE from 2008 to
2011 to estimates of M3 to give M3 plus QE. We determined the
velocity of money in each supply, which was needed to understand
changes in the U.S. economy observed from 2006 to 2011. In this
study, we calculated the ratio of annual emergy use to the dollar
storages (money supplies), as well as, the usual ratio using dol-
lar flows (nominal and real GDP) under the assumption that the
EMR for a money supply indicates its buying power when placed
in circulation, and thus it can serve as a measure of the potential
inflationary pressure associated with that money supply.
MONEY FLOWS AND STORAGES
Economic data on nominal and real GDP of the U. S. from 1929
to 2011 were obtained from a web posting of the U.S. Depart-
ment of Commerce, Bureau of Economic Analysis (10). Values for
nominal GDP prior to 1929 were obtained from a web posting
by Measuring Worth (11). Data for the M1 and M2 money supply
from 1959 to 2011 were obtained from a web posting of the Federal
Reserve System (12). Data on the M3 money supply and QE were
obtained from NowAndFutures.com (13). The velocity of money
was calculated by dividing GDP by the various money supplies.
STATISTICAL METHODS: ANALYSES AND TESTS PERFORMED ON THE
DATA
Relationships among the energy, emergy, and monetary measures
used in this study with time and with each other were deter-
mined using the linear and non-linear regression tools provided in
Microsoft Excel 2007 and in Sigma-Plot 11.0. The best fit relation-
ships reported were determined by testing the functional forms
(linear, logarithm, exponential, power law, and second order poly-
nomial given in MS Excel and hyperbolic and hyperbolic plus a
constant functions provided in Sigma-Plot) using the least squares
method. Best fit was determined by choosing the functional form
that explained the largest fraction of the variance in the observed
data as indicated by the R2 of the relationship. We note that
regression analyses do not establish cause and effect relationships
between the variables tested, but rather are indicative of the sim-
ilarity or dissimilarity of the relationships between the variables.
The Akaike Information Criterion (AIC) was used to confirm the
results based on comparison of R-squares, when the number of
parameters in the two competing models was different (14).
The data fit to the various models were tested for serial autocor-
relation using the Durbin Watson statistic and when appropriate,
the regressions were retested with the lag1 differences instead of the
raw values, e.g., (Y t−Y t− 1) versus (X t−X t− 1). All of the data
sets that we tested were positively serially autocorrelated based on
the values of the Durbin Watson statistic. In addition, the resid-
uals resulting from the fit of the model to the data were tested
for normality and homoscedasticity. The data used was found
to be heteroscedastic, but it could be made homoscedastic by
log–log transformation. This transformation resulted in a slight
decline in the R-squares of the relationships tested. We concluded
that we would gain no further understanding by using a log–log
transformation on the data.
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Because many of the functional relationships tested for different
variables had very high R-squares, we used the Kolmogorov–
Smirnov test to determine if the distribution of values of the
compared variables were statistically different. Distributions of
the variables were compared by first sorting the values from low-
est to highest and then calculating the frequency distributions of
the values using 25 bins. The cumulative distributions of the two
variables were then compared by taking the difference, D. If the
largest D between bins was greater than the critical D (1.36/
√
n,
where n= 112) in the Kolmogorov–Smirnov test, the two distrib-
utions were considered to be statistically different. We interpreted
this as evidence that the observed differences in the characteris-
tics of the two curves being compared were significant, e.g., one
relationship with a larger R-square is actually a better descriptor
of the data than another with a slightly smaller value of R-square
even though both R-squares may be large.
Even though this is a large complex evaluation and there is
uncertainty in all of the data that we used, we do not think that
this fact has a major affect on our analyses of the relationships
among the variables. These relationships depend on the cumula-
tive effects of interactions among the variables over a long time
series of data (112 years) during which the magnitude of the vari-
ables is growing rapidly. In this regard, the time history of the
relationships matters and this affect is expected to overcome the
uncertainty in the measurements in any particular year. For exam-
ple, one could visualize a plot of all of the variables with their
uncertainly errors over time represented as an envelope of points;
nevertheless, the central tendency of the distributions would be
expected to be similar to the curves plotted here.
RESULTS
A summary of the results of the emergy evaluation of the U. S.
are given in tabular form in Supplementary Material. This table
includes values for each category of annual emergy input to the
U.S., the total emergy input, the GDP in nominal $, and the EMR
for all years from 1900 to 2011. In this section, first we present the
model used to evaluate the emergy basis for the U. S. evaluated
for the year 2000. Next, we briefly report the observed tempo-
ral patterns of emergy inflows and economic activity including
the patterns of energy consumption, mineral use, the economic
measures, and the EMRs. The presentation of the temporal pat-
terns in the data concludes our report on the results of the U.S.
emergy analysis. Then, we report results from the paired analyses
of the functional relationships (Table 1) found between measures
of energy consumption, emergy use, and economic activity (i.e.,
nominal and real GDP). Next, we report the results of compar-
ing economic and emergy-based measures of inflation and finally
we consider how the structure of the U.S. economic system has
changed from 1900 to 2011 by following the relationships among
the scaled values of total emergy use, energy consumption, and
real GDP.
ENERGY SYSTEMS MODEL OF THE UNITED STATES
Figure 3 shows the ESL model that we evaluated to determine
the emergy base for the U.S. The values shown on the diagram
are the annual flows of emergy (in bold) and money (in italics)
for the year 2000, which shows the emergy basis for monetary
flows in that year. The emergy basis for the U.S. in any year from
1900 to 2011 can be found by substituting the values from Sup-
plementary Material onto the diagram in Figure 3. See Odum
(1996) or Campbell and Ohrt (2009) for a detailed explanation
of Figure 3. The sum of the human services required to supply
the U.S. with goods from outside the nation is P2I1+ P2I2+P2I3.
In our calculation, P2, the world EMR was assumed to be equal
to P1, the U.S. EMR, and I1 to I3 are the monetary values of
the products and services imported. If the production systems
used to manufacture imports are similar and we assume that the
technical knowledge required to produce a particular product is
about the same regardless of the location in which the prod-
uct is produced, it may be reasonable to use the U.S. EMR, P1,
which was known, in place of the world EMR, P2, which was
unknown, i.e., it had not been calculated by methods similar to
those used in this study. The U.S. GDP was 9.95 trillion dollars
in 2000 and the emergy to dollar ratio was 2.260E+12 semj/$
(2.248E+25 semj/9.95E+12$).
TEMPORAL PATTERNS OF EMERGY INFLOWS, ECONOMIC ACTIVITY,
AND THE U.S. EMR
The time history of the emergy used in the U.S. from 1900 to 2011
(Figure 4A) shows the emergy inputs to the U.S. economy aggre-
gated by major category. The more comprehensive determination
of the mineral emergy inflows to the U.S. showed that minerals
were the dominant input from the Great Depression (GD) to the
start of GR08. All of the emergy inputs, except renewable energy
sources, soil erosion, and immigration, showed a generally rising
trend from 1900 to 2006. In 2007, a perturbation of the emergy
inflows begins with a 7.1% decline in the emergy of minerals con-
sumed. This event is followed in 2008 by a 2.0% decline in the
emergy of the energy consumed and a 3.4% decline in total emergy
use. The perturbation is fully developed in 2009, at which time the
consumption of both energy and minerals reached their maxi-
mum percent declines of 5.3 and 39.9%, respectively. In 2010, all
of the affected inputs began to increase.
The percent composition of the emergy inputs to the U.S.
(Figure 4B) shows a pattern of change from a nation running
largely on renewable emergy (47% of total emergy use in 1900)
through a period of rapid growth (1900 to the 1970s) in which
the energy resources of the nation were used to organize materials
(i.e., minerals and renewable products, e.g., timber) into the assets
of a powerful industrial society; and finally, from 1980 to 2011, a
rapid move to become a consumer nation, which in 2011 obtained
42.9% of the emergy used from imported material goods and ser-
vices (not counting the emergy of imported fuels and minerals).
In 1974, near the end of the industrial growth period, this number
was 9.53% of the total emergy used.
Figure 5A shows the progressive expansion of the empower
(solar emjoules/year) supporting the U.S. over the study period
and the temporal pattern of perturbations, which reflects the
major economic disturbances of the past 112 years, e.g., The GD
during the 1930s, the global recession of 1957–1958, the Arab oil
embargo of 1974–75, the Iranian revolution (1978–1979) and sub-
sequent recession of 1981–1983, the bursting of the speculative,
internet, or “dot com bubble” from 2000 to 2003, and the Great
Recession from 2008 to 2013. The significance of historical events
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FIGURE 4 |Temporal patterns of emergy inflows to the U.S. economy and of annual emergy use (empower) from 1900 to 2011 are shown. (A) Temporal
pattern of the major classes of emergy inflows; (B) structure of the major emergy inflows to the U.S. given as percent composition of the total.
appearing in the variations of the EMR (Figure 5B) is considered
in the Section “Discussion.”
Temporal patterns of energy consumption
The emergy of the energy consumed in the U.S. from 1900 to 2011
is shown by source in Figure 6A and the temporal changes in the
structure of these energy inputs are shown as a percentage of the
total energy consumed in Figure 6B. Over this time, the dominant
energy source powering the U.S. has changed with the technolog-
ical development of the nation. This comparison can be done in
different ways, which can yield different pictures of energy use in
the nation.
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FIGURE 5 |Temporal patterns of empower and the emergy to money ratio of the U.S. (A) The growth of total emergy used in the U.S. economy with some
prominent fluctuations identified. (B) The U.S. emergy to money ratio is shown with major periods of inflation and deflation noted.
Non-renewable energy consumption. Before 1935, coal was the
most important energy source for the U.S. as measured by both
heat content (not shown) and emergy. After that year, the emergy
of petroleum consumption exceeded coal and steadily increased
along with coal consumption until the end of WWII, when it
diverged from coal, growing along with the development of the
automobile culture that was a result of the postwar shift in man-
ufacturing capacity from military to consumer goods. The effects
of the oil embargo of 1974 are evident in the decline in petro-
leum use in the U.S. from 1973 to 1975, which was followed by a
rapid rebound over the next 3 years and then a 5 year decline in
consumption after the Iranian revolution that culminated in the
recession of 1982–1983.
After 1956, the emergy of natural gas exceeded that of coal to
become the second largest energy source for the U.S. and after
2005, petroleum use in the U.S. declined as the use of natural
gas increased. During the 1970s, the consumption of electricity
from nuclear power began a rapid increase that continued until
2006. The emergy of electricity supplied to the U.S. from nuclear
power exceeded that of hydroelectricity in 1977, coal in 1990, and
natural gas in 2005 and 2006, when it briefly became the second
largest energy source powering the U.S., as measured by the emergy
delivered annually.
Renewable energy consumption. From 1940 to 1976, the
consumption of hydroelectric power increased, after which it
remained relatively constant with moderate variation among years.
The emergy of the biomass consumed declined from 1900 to 1961,
after which it increased until 2011, when it was 2.18 times greater
than it was in 1900. Wind electricity was first recorded as an energy
source for the U.S. in 1983, but it was not until 1998 that it began a
super-accelerated increase that carried it past electricity generated
from solar and geothermal sources by 2002, so that by 2011 it was
contributing 2.7 and 7.4 times the electricity generated by geother-
mal and solar power, respectively. However, electricity from wind
was only 2.5% of the emergy of the energy consumed in the U.S.
in that year.
Temporal patterns of mineral use
The time history of the six minerals with the largest emergy
inputs to the U.S. economy is shown in Figure 7A. The percent
composition of the top 10 mineral inputs shows in a glance how the
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FIGURE 6 |Temporal patterns of the components of the energy consumed in the United States from 1900 to 2011 are shown. (A) Time series of values
for the major classes of energy inflows; (B) structure of the major classes of energy input as percent composition.
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FIGURE 7 | Emergy of some minerals consumed in the U.S. Economy from 1900 to 2011 is shown. (A) Temporal patterns of the six minerals contributing
the largest amount of emergy to the U.S. (B) structure of the top 10 minerals shown as percent composition.
structure of the mineral emergy inflows has changed (Figure 7B).
Some inputs like“iron ore plus imported iron and steel”and“lead”
have become progressively less important over time, whereas other
inputs like phosphate rock, crushed stone, sand and gravel, and
bromine (after 2006, proprietary data, not reported by the USGS)
have become progressively more important. Sulfur and cement
have maintained their relative importance over time. Barite is a
special case that shows a pulsing pattern with a strong peak cor-
responding to the period from 1977 to 1983. The importance of
sand and gravel and crushed stone in the U.S. mineral supply
began to increase after WWII. Since 1984, they have made the
largest contribution to the mineral emergy of the U.S. economy,
despite a very rapid decline after 2006.
Temporal patterns of GDP and of the money supplies
Over the study period, the U.S. Gross Domestic Product in nom-
inal dollars and the Real Gross Domestic Product in chained
2000$ (Figure 8A) are both well-fit by an exponential growth
curve (R2= 0.9814 and 0.9881, respectively); a condition that also
applies to the growth of the total emergy used (R2= 0.9804) by
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FIGURE 8 |Temporal patterns of money flow and money supply in the U.S. economy, 1900–2011 are shown. (A) Money flow as measured by nominal
GDP and real GDP in 2000 chained $; (B) money supplies; M1, M2, M3, M3 plus QE shown with Nominal GDP and the Federal Debt for comparison.
(C) Velocity of money in the number of circulations per year.
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the U.S. economy (Figure 5A). The pattern of growth for the
various measures of the national money supply in nominal dollars
from 1959 to 2011 (Figure 8B) follows the same general pattern
of increase seen in the emergy base of the nation (Figure 5A)
and in the growth of nominal and real GDP. Nominal GDP is a
measure of money flow, but it is plotted on Figure 8B as a refer-
ence for the size of the money supplies and for the determination
of the velocity of money. The M1, M2, and M3 money supplies
increased from 1959 to the present with M2 and M3 increasing
more rapidly than M1. During the period leading up to GR08
(i.e., 1996–2007), the M1 money supply increased by 20% com-
pared to an increase of 269% in the M3 money supply. The rate
of increase of the M3 money supply diverged from that of M2 in
1998 and began a rapid rise that reached a value equal to 99% of
the nominal GDP in 2009. After 2008, the M3 money supply was
augmented by QE, which resulted in M3 plus QE exceeding GDP
by an average of 10% from 2008 to 2011. The velocity of money for
the four money supplies is shown from 1959 to 2011 (Figure 8C).
In this plot, M1 displays a different pattern from that seen in M2
and M3. The velocities of M2 and M3 generally decline over this
period while the velocity of M1 generally increases, but is more
variable.
Temporal patterns of the emergy to money ratios
The EMRs for the money supplies, M1, M2, M3, and money flow,
GDP, all in nominal $ were compared over the period from 1959
to 2011 (not shown). For the same annual emergy inflow, higher
ratios correspond to smaller monetary storages (Figure 8B). All
of these ratios show a general pattern of decline over the period
examined. However, the emergy to M1 ratio was more variable
than the other measures. It is significant that from 1997 to the
present time, the M3 line closely approaches that of the nominal
GDP (not shown).
Comparison of emergy use to real GDP with energy consumed to
real GDP
The time history of the ratio of emergy use to real GDP (Figure 9A)
is well-fit by a power law (R2= 0.9578), but a linear relationship
FIGURE 9 |The ratios of emergy use and the emergy of the energy
consumed to real GDP of the U.S. economy from 1900 to 2011 are
shown. (A) The ratio of emergy use to real GDP in chained 2000 $ showing
the fit of linear and power function relationships over time; (B) the ratio of the
emergy of the energy consumed to real GDP in chained 2000 $ showing the
fit of linear and power function relationships over time.
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also describes this pattern fairly accurately (R2= 0.9264). Note
that the period of inflation from 1940 to 1947 corresponding
to WWII is a salient feature of the time series. The ratio of the
emergy of the energy consumed to real GDP (Figure 9B) is best
fit by a power law (R2= 0.8323), however, a linear relationship
also describes this pattern fairly accurately (R2= 0.8082). These
two functional relationships imply that the ratio of total emergy
use to real GDP explains more of the temporal variance in eco-
nomic activity than does a ratio of QA energy consumption to
real GDP.
FUNCTIONAL RELATIONSHIPS AMONG ENERGY CONSUMED, EMERGY
USE, AND GDP
Nominal and real GDP as a function of total emergy used and energy
consumed
The results of our statistical analyses to determine which math-
ematical function among the five functional forms evaluated,
best described (i.e., explained the most variance in) the relation-
ship between nominal GDP and energy consumption measures
is given in Table 2. In this case, the power function explained
the most variance between nominal GDP and QA energy con-
sumption for three of the four energy consumption measures
tested. The data in Table 2 and in Figure 10A can be used as
evidence to evaluate the hypothesis that a third power law has
controlled growth of the U.S. economy from 1900 to 2011 (see
A Model Describing Growth of the U.S. Economy from 1900 to
2011). Nominal GDP as a power function of total emergy use
(exponent 2.826 and R2= 0.9828) explained the most variance in
nominal GDP among the five variables tested. The exponents of
the five power functions ranged from 2.103 to 2.917 with an aver-
age value of 2.605 and SD± 0.299. The power law relationship
for QA II resulted in the highest R2 (0.9813) among the energy
consumption variables, but it was paired with the lowest value of
the exponent (2.103).
The best fit for the relationship between real GDP and total
emergy use (Figure 10B) was provided by a power function
(R2= 0.9914), whereas, a linear model explained 97.9% of the
variance. All five measures of energy consumption exhibited
relationships with real GDP similar to that of total emergy
use (Table 3); however, none had regression relationships that
explained more of the variance using either the linear or power
law models than that which was explained by the power law and
linear relationships of real GDP to total emergy use.
Energy consumption measures as a function of emergy measures
A strong linear relationship exists between all measures of energy
consumption (BTU/y) in both unadjusted and QA form and the
emergy of the energy consumed (semj/year), which is also hypoth-
esized to be a QA measure of energy consumption (i.e., Emergy
QA). In this case, the quality adjustment is reflected in the trans-
formities of the various energy inputs (Figure 11A). The relative
quality factors are: coal, 1; natural gas, 1.2; petroleum, 1.7; and
electricity, 3.3; if determined in a manner similar to that used
for the QA adjustments given above (Cleveland et al., 1984; Ko
and Hall, 2003). Unadjusted energy and QA I had the high-
est correlation coefficient (r = 0.9994) with Emergy QA followed
by QA III (r = 0.9993), while QA II had the lowest correlation
(r = 0.9903).
The R-squares of the relationships found between measures
of energy consumption in BTU/y and Emergy QA in semj/year
versus total emergy use (semj/year) showed that three of the
four measures of QA energy consumption and unadjusted energy
consumption were best fit by a second order polynomial func-
tion (Table 4). However, QA II was best fit by a power func-
tion (Figure 11B); whereas, a second order polynomial function
provided a good, but second best fit (Table 4).
Energy consumption and emergy use as functions of nominal and
real GDP
Energy consumption and QA energy consumption are plotted
against GDP in nominal dollars in Figure 12A and fit with a power
function, which is close to the 1/3 power relationship expected
from the model (Figure 2B) after inverting the axes from the order
in Figure 10A. However, these curves all appear to depart from a
power function relationship with nominal GDP after 1996. Table 5
shows that all of the measures of QA energy consumption as a
function of nominal GDP were fit best by the hyperbolic function
plus a constant, but unadjusted energy consumption was fit best
by a log function.
Unadjusted and QA energy consumption plotted as a func-
tion of real GDP (Figure 12B) showed that unadjusted energy
consumption and all three quality adjustments exhibit a similar
pattern, i.e., they are fit best by a second order polynomial func-
tion among the seven functional forms tested in Table 6. If these
relationships are represented with a power function as might be
expected from the model in Figure 2B, the data deviate from the
power relationship markedly after 1996 as shown most clearly for
Table 2 |The R -squares of mathematical relationships between nominal GDP (Y) and measures of energy and quality adjusted (QA) energy
consumed or total emergy used (X).
Mathematical relationship Unadjusted QA I QA II QA III Emergy QA Total emergy
Linear 0.6955 0.7502 0.824 0.7488 0.7246 0.8421
Exponential 0.9751 0.9751 0.9442 0.9712 0.5253 0.9377
Power 0.9606 0.9699 0.9813 0.9731 0.9631 0.9828
Power exponent 2.917 2.524 2.103 2.772 2.49 2.826
Logarithmic 0.5272 0.549 0.5862 0.5622 0.5253 0.6223
Second order polynomial 0.9075 0.9458 0.969 0.9433 0.9312 0.9584
Numbers underlined in red denote the mathematical expressions that explain the most variance in the dependent variable.
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FIGURE 10 | GDP in nominal and in real dollars as a function of total emergy use is shown. (A) Nominal GDP as a function of total emergy use; (B) real
GDP as a function of total emergy use.
nominal GDP in Figure 12A. Calculations using the data for all
measures of energy consumption including Emergy QA show the
same pattern as a function of real GDP, i.e., after 1996 energy con-
sumption increased at an average rate that is about 20% of the rate
of real GDP growth.
The relationship between empower and real GDP (Figure 13)
has a pattern that is different from that shown for the variation
of the energy consumption variables with real GDP (Figure 12B).
In this case, despite the GR08 perturbation, empower continues
to follow a power law relationship with real GDP over the entire
112 year period. In contrast, all the energy consumption relation-
ships with real GDP bend after 1996 so that the best fit to their
curves is given by a second order polynomial function.
ECONOMIC AND EMERGY INDICES OF INFLATION AND CHANGING
SYSTEM STRUCTURE
Real wealth (emergy-based) inflation as measured by the EMR
shows a good correspondence with consumer price inflation as
measured by the Consumer Price Index (CPI) when the two are
plotted together (Figure 14). Allowing for a slight phase shift
before 1945, there appears to be a good correspondence between
real wealth inflation and consumer price inflation. After 1945, the
two curves follow each other until around 1980, but there are dif-
ferences in the magnitude of events and in their duration and
timing. From 1978 to the present, especially from 1996 to 2011,
the two measures give a very different picture of inflation in the
economy. For example, the percentage change in the CPI shows
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Table 3 |The R -squares of mathematical relationships between real GDP (Y) and measures of energy and quality adjusted (QA) energy
consumed or total emergy used (X).
Mathematical relationship Unadjusted QA I QA II QA III Emergy QA Total emergy
Linear 0.9067 0.9383 0.9687 0.9375 0.9245 0.979
Exponential 0.9525 0.9426 0.8997 0.9432 0.9517 0.9089
Power 0.9754 0.9817 0.9855 0.9811 0.9784 0.9914
Power exponent 1.575 1.3602 1.129 1.491 1.346 1.507
Logarithmic 0.7732 0.7916 0.8209 0.8026 0.7708 0.848
Second order polynomial 0.9679 0.981 0.984 0.9806 0.9765 0.9851
Numbers underlined in red denote the mathematical expressions that explain the most variance in the dependent variable.
a relatively constant level of inflation from 1996 until 2007, after
which there was a precipitous decline to slight deflation (−0.4%)
in 2009 followed by a return to the long term average inflation
rate from 2009 to 2011. In contrast, the percent change in the
EMR shows an increase from neutrality in 1996 to variable levels
of inflation about twice that indicated by the CPI until 2003, fol-
lowed by deflation (−1.8%) in 2004 and a return to mild inflation
from 2005 to 2007. These changes were followed by a rapid rise
to an annual inflation rate of 14.4% in 2009 and a subsequent
precipitous decline to deflation of −4.7% in 2010 (the CPI shows
inflation of 1.6% in this year).
The changing relationships between energy consumption,
emergy use, and real GDP over the 112 year period are shown by
plotting their values scaled relative to their maxima (Figure 15).
In this plot, energy and emergy are closely related in terms of
their relative changes from 1900 to 1929. During the GD, emergy
use shows a greater relative decline than energy consumption and
after WWII the rate of increase of emergy use departs from energy
consumption, which increases at a more rapid rate until 1978 at
which time both curves experience a major perturbation. Energy
consumption recovers from this perturbation by 1983, continuing
its increase but at a lower rate. In contrast, by 1983, emergy use has
moved sideways to lie on the curve of real GDP increase, which it
had been gradually approaching since WWII. Emergy use travels
at the same rate of increase as real GDP until 2000, after which it
briefly departs from real GDP, but by 2004 its scaled rate of increase
has rejoined the real GDP curve, which had been increasing as the
rate of energy consumption slowed. The three curves converge in
2007 on the eve of the Great Recession. After 2007, total emergy
use plummets, diverging from energy consumption and real GDP,
which are now closely related, and show a smaller impact of GR08
than that indicated by the decline in emergy use.
DISCUSSION
The major topics discussed are as follows: Sections “Interpreta-
tions of the Patterns of Events Discernible from Variations in the
EMR; Patterns of the Mineral Emergy Inflows; Is “Total Emergy
Use” A More Accurate Measure of Economic Activity than Energy
Consumption in Developed Economies?; The Emergy Basis for
Economic Activity: Coupled Flows; Evidence for the Operation of
a Third Power Law Controlling Economic Growth; Energy and
QA Energy Consumption Relationships; Real GDP as a Function
of Energy Consumption and Total Emergy Use; The Relationship
Between Energy Consumption Measures and GDP Measures; The
Relationship Between Economic and Emergy Measures of Real
Wealth; The Significance of Changes in the Emergy to Money Sup-
ply Ratios; Energy Consumption versus Emergy Use as a Means to
Explain Economic Activity; Comparison of Emergy and Economic
Measures of Inflation; True Magnitude of the Great Recession of
2008; Structural Change in the U.S. Economy and the Future.”
INTERPRETATIONS OF THE PATTERNS OF EVENTS DISCERNIBLE FROM
VARIATIONS IN THE EMR
The salient perturbations along a general pattern of decline
(Figure 5B) in the U.S. EMR from 1900 to 2011 can be interpreted
as follows: the initial precipitous decline in the ratio corresponds
to a period of drastic inflation during WWI (1914–1920), which
is followed by a plateau associated with the stable economic con-
ditions of the 1920s. After the stock market crash of 1929, the
U.S. EMR rose to a peak (1933) during the deflationary period of
the GD, which was followed by a gradual decline in the ratio up
to 1940 as the nation recovered from the GD. In 1940, a second
precipitous decline began associated with inflationary pressures
during WWII (1940–1947). From 1947 to 2011, the EMR of the
U.S. exponentially declined as a result of the exponential growth
of money in circulation combined with a near linear increase in
the annual total emergy use during this time. This period can be
divided into two parts: a period from the end of WWII to 1982
characterized by a steady almost linear increase in inflation and a
period from 1982 until 2007 during which inflation increased at a
slower rate.
Historical events in the U.S. can be better understood by ana-
lyzing them from many energy-based perspectives. For example,
Hall et al. (2014) use the Energy Return on Investment (EROI) to
explain events from 1900 to 2009 in terms of what was possible
based on the net energy from the various energy sources available
to the U.S. during different time periods.
PATTERNS OF THE MINERAL EMERGY INFLOWS
In contrast to prior studies of the emergy inflows to national
systems (Odum, 1996; Tilley, 2006), minerals were found to be
the largest component of emergy use in the U.S. after 1939. The
steady growth of construction materials after this time indicates
that much of the emergy of minerals was used to build infra-
structure. Construction materials are still consistently the largest
mineral emergy input to the U.S. being particularly dominant
during the rapid growth period from 1960 to the mid 1970s and
during the recent home construction boom from 1998 to 2007, but
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FIGURE 11 | Energy consumption measures as a function of
emergy measures. (A) Strong linear relationships were found
between the three measures of QA energy consumption and
unadjusted energy consumption with the emergy of the energy
consumed (Emergy QA). (B) Second order polynomial functions
give the best fit to QA I, QA III, and unadjusted energy consumption
as a function of total emergy use; however, QA II is best fit by a
power law.
other unexpected materials show their strategic importance when
converted to emergy. For example, from 1980 to the 1982 barite
contributed 10% of the mineral emergy to the U.S. economy. This,
at first, unlikely result made sense when we discovered that 98% of
the barite is the most frequently used weighting agent for mud used
in drilling for oil, which increased dramatically after the 1974 Arab
oil embargo. Other strategic materials are iron ore, which was the
most important material input prior to the mid-1950s; phosphate
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Table 4 |The R -squares of mathematical relationships between measures of the energy and quality adjusted (QA) energy consumed (Y) and
total emergy use (X).
Mathematical relationship Unadjusted QA I QA II QA III Emergy QA
Linear 0.9569 0.9714 0.9729 0.9713 0.9658
Exponential 0.8563 0.8693 0.8883 0.8782 0.8529
Power 0.9809 0.9846 0.9848 0.9854 0.981
Logarithmic 0.9634 0.946 0.8991 0.9472 0.9556
Second order polynomial 0.9922 0.9897 0.9751 0.9898 0.9916
Numbers underlined in red denote the mathematical expressions that explain the most variance in a given dependent variable.
rock, the primary mineral in agricultural fertilizers; bromine, a
major fire retardant, manganese used in steel alloys; sulfur, which
through sulfuric acid is the basis for many industrial chemicals
and a major input to fertilizer manufacture for agriculture.
IS “TOTAL EMERGY USE” A MORE ACCURATE MEASURE OF ECONOMIC
ACTIVITY THAN ENERGY CONSUMPTION IN DEVELOPED ECONOMIES?
The World System model (Figure 1) demonstrated that emergy
provides a more complete basis for understanding economic activ-
ity than energy consumption alone. This theoretical evidence is
supported by null hypothesis 1, which we can reject based on the
results reported in Figures 9A,B, in which the emergy use to real
GDP ratio modeled as both power and linear functions of time
accounts for 15% more of the variance than did a typical energy
consumption measure, Emergy QA. As further reinforcement of
this difference, the Kolmogorov–Smirnov (K–S test) confirmed
that the distribution of values within the emergy use to real GDP
time series was significantly different from the distribution within
the Emergy QA to real GDP time series. In contrast, the Emergy
QA distribution of values was indistinguishable from unadjusted
energy consumption, QA I, and QA III, but it was significantly
different from QA II. As further verification, Emergy QA did not
respond to either the GD or GR08 as strongly as the emergy of the
minerals consumed. Both energy and minerals responded simi-
larly before the oil embargo of 1974, but the decline in the emergy
of mineral consumption in 1975 gave the stronger signal related
to this event.
THE EMERGY BASIS FOR ECONOMIC ACTIVITY: COUPLED FLOWS
Emergy evaluation can place economic activities on a complete
and comprehensive biophysical basis as called for by Cleveland
et al. (1984). For example, the conversion of the inputs needed for
economic production to solar emjoules quantifies them in terms
of their equivalent ability to do work within the context of the sys-
tem, which has had time to adapt to its inflows (Campbell, 2001).
In this case, “Equivalent ability to do work in a system” does not
mean that the various energy and material items can perform the
same actions, but rather that for items with equal emergy, the sys-
tem has had to make the same investment of emergy in order to
obtain their work. Here, a determination of the work that can be
done requires not only the quantification of the available energy
(exergy) used in performing an action but also the summation of
all of the past use of available energy required to produce the input
in units of energy of a single quality, i.e., solar equivalent joules.
Thus, what any input can do when used within a system depends
not only on the amount of available energy delivered but also on its
quality, i.e., the amount of emergy that it carries. An item’s emergy
is a measure of the work that it can do, because of our stipulation
that the system has had time to adapt to its inputs under evo-
lutionary competition with other systems. Evolutionary pressure
on systems to prevail in competition according to the maximum
empower principle (Odum, 1996 after Lotka, 1922a,b) leads to the
emergy of the available energy inflows matching the quality of the
work performed as described in Campbell (2001). We have drawn
the model (Figure 1) in a way that implies that fuel, electricity, and
human labor act on minerals and the raw materials of the bios-
phere, transforming them into the structural assets and material
flows needed to build and maintain societal infrastructure. The
models in Figures 1 and 2 show the foundation for implementing
an emergy-based economic method that may give more capacity
to predict change and to manage it successfully as called for by
Watt (1994).
Coupled flows of real wealth and money form a causal loop
The conceptual model in Figure 2A shows that the theoretical basis
for the relationship between energy consumption or emergy use
and economic activity is one of two flows coupled by a supply and
demand relationship with money moving as a counter current
to flows of real wealth. This is the theoretical model underly-
ing the empirical analyses of Granger-related causality and which
is needed to understand the studies of causality among energy,
emergy, and economic variables. In this model, a change in the
money supply can exert pressure to control the rate processes by
stimulating greater or lesser applications of human work that in
turn is needed to generate the flows of work from the environment.
Also, the stores of fossil energy and mineral wealth and available
renewable energy in the environment, would be expected to attract
investment from social systems under evolutionary pressure to
maximize empower of the system (Odum, 1996; Campbell, 2001).
Determining causality with ESL models
Because of the close coupling of the flow of real wealth and the
counter flow of money through the laws of supply and demand
(Figure 2A) that govern economic production functions, and
because feedback loops from the larger system, in part, govern the
emergy and money flows in national systems, it may be difficult
to decipher the ultimate cause of any given perturbation or pat-
tern through autoregressive methods alone. However, precedence
can be established in certain prominent cases, e.g., the OPEC oil
embargo shut off oil supply, which disrupted GDP and the 1929
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FIGURE 12 | Measures of energy consumption as functions of nominal and real GDP are shown. (A) After 1996, energy consumption and QA energy
consumption depart from a power law relationship as a function of nominal GDP; (B) energy and QA energy consumption are best fit by a second order
polynomial as a function of real GDP.
stock market crash disrupted GDP, which then slowed energy con-
sumption. Nevertheless, an alternative way to understand causality
is needed. One method is to construct an ESL model (Odum and
Odum,2000) of the system of concern and then evaluate the energy
potentials within the system and in its forcing functions that are
the basis for action, i.e., the direction and magnitude of a flow.
Next calibrate the model, simulate and verify the results, and then
perform a sensitivity analysis to determine the relative changes
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Table 5 |The R -squares of mathematical relationships between measures of energy and quality adjusted (QA) energy consumed or total
emergy used (Y) and nominal GDP (X).
Relationship Unadjusted QA I QA II QA III Emergy QA Total emergy
Linear 0.6955 0.7502 0.824 0.7488 0.7246 0.8421
Exponential 0.5272 0.549 0.5862 0.5622 0.5253 0.6223
Power 0.9606 0.9699 0.9813 0.9731 0.9631 0.9819
Logarithmic 0.9751 0.9705 0.9442 0.9712 0.9742 0.9377
Second order polynomial 0.8576 0.8967 0.9476 0.8961 0.8784 0.907
Hyperbolic 0.9513 0.969 0.9799 0.9565 0.9564 0.9043
Hyperbolic+ constant 0.9721 0.9825 0.9893 0.9758 0.9835 0.9792
Numbers underlined in red denote the mathematical expressions that explain the most variance in a given dependent variable.
Table 6 |The R -squares of mathematical relationships between measures of energy and quality adjusted (QA) energy consumed or total
emergy used (Y) and real GDP (X).
Relationship Unadjusted QA I QA II QA III Emergy QA Total emergy
Linear 0.9067 0.9383 0.9687 0.9375 0.9245 0.977
Exponential 0.7732 0.7916 0.8209 0.8026 0.7708 0.848
Power 0.9754 0.9817 0.9855 0.9811 0.9784 0.9914
Logarithmic 0.9575 0.9426 0.8997 0.9432 0.9517 0.9089
Second order polynomial 0.9891 0.9937 0.992 0.9932 0.9924 0.987
Hyperbolic 0.9694 0.9903 0.9889 0.988 0.9722 0.989
Hyperbolic+ constant 0.09854 0.9917 NA 0.988 0.9915 0.989
Numbers underlined in red denote the mathematical expressions that explain the most variance in a given dependent variable.
FIGURE 13 | Emergy use or empower (semj/year) continues to follow a
power law relationship as real GDP increases.
in the output variables that are caused by a perturbation in each
of the coupled input factors. The relative capacity of each factor
to cause a change in any of the others can be determined in this
manner. Causality itself resides in the system network of relation-
ships that are formulated as a set of working hypotheses based
on the underlying thermodynamically based causal mechanisms,
i.e., the energetic and kinetic aspects of the system of equations in
the case of an ESL model. Note that this method is described in
this paper, but it is not applied [see Odum and Odum (2000) for
applications].
Causal factors presaging the Great Recession of 2008
The order of causality may be traced through a production func-
tion to the input that begins to decline before the others, which
may be the proximal cause of the decline. In the case of GR08,
it was a decline in consumption of building materials (i.e., sand
and gravel and crushed stone) in 2007 that lead the way down.
Even though the financial crisis of 2008 was only a year away, in
2007 many economists saw no observable signal that something
was amiss (Stiglitz, 2010). However, inflation is implied by the
rapid rise in the velocity of M1 money from 1995 to 2008, which
occurred in spite of the Federal Reserve’s scrupulous attention
to containing the growth of the M1 money supply. This increase
in the velocity of M1 was apparently fueled by the expansion of
the M3 money supply and the consequent inflationary decline in
the real wealth to M3 ratio seen from 1997 to 2007. Strangely,
the Board of Governors of the Federal Reserve stopped publica-
tion of the M3 money aggregate on March 23, 2006, declaring
it to be unhelpful in setting monetary policy (16). However, our
results combined with the analysis in Stiglitz (2010) imply that
these funds contributed to an inflationary expansion of lending
and home construction that eventually resulted in the issuing of
mortgages to poorly qualified buyers and the packaging of these
at-risk loans with sound ones into complex financial products that
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FIGURE 14 | Comparison of the percent change in the consumer price index (CPI) and the emergy to money ratio for the United States from 1900
to 2011.
FIGURE 15 | Structural change in the U.S. economy from 1900 to 2011 as indicated by changes in the scaled values of energy consumption (Emergy
QA), total emergy use, and real GDP.
were triple A rated, but turned out to be worth less than face value
once the extent of the bad loans became known.
EVIDENCE FOR THE OPERATION OF A THIRD POWER LAW
CONTROLLING ECONOMIC GROWTH
The model given in Figure 2B implies that as a result of coop-
eration between people and social organizations, e.g., religious,
industrial, and commercial associations, non-profit institutions
etc., we might expect a third power relationship between mea-
sures of gross economic activity such as nominal GDP and the
energy consumed as well as the emergy used. This hypothesis
was supported by the data where we found that total emergy
use, unadjusted energy consumption, and QA energy consump-
tion measures could explain the most or second most variance in
nominal GDP using a power law relationship, in which the expo-
nent was close to the third power (2.103–2.917, Avg.= 2.61) as
indicated by theory. The strongest evidence for the third power
law was provided by the relationship of nominal GDP with total
emergy use, which paired an exponent of 2.826 with the highest
R-square for the relationship. As further confirmation of a third
power law governing growth in the U.S. economy over the study
period, we can reject null hypothesis 3 (see A Model Describing
Growth of the U.S. Economy from 1900 to 2011), because the
exponent for the relationship of nominal GDP as a function of
total emergy use would have to be <2.402 to accept it. In fact, we
can also reject the null hypothesis for the average exponent (2.605)
of all energy consumption measures and emergy use, indicating
that nominal GDP may also have a third power relationship with
energy consumption.
ENERGY AND QA ENERGY CONSUMPTION RELATIONSHIPS
In this section, we consider the significance of the relationships
between: (1) QA energy consumption and the emergy of the
energy consumed (Emergy QA); (2) unadjusted energy consump-
tion and QA energy consumption and (3) QA II compared to other
measures of energy consumption.
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Relationship of QA energy consumption to the emergy of the energy
consumed
Energy analysts do not often use emergy in their studies, thus it
is important to show that the emergy of the energy consumed
(Emergy QA) is an appropriate QA energy consumption measure.
Emergy QA was shown to have linear relationships with the other
QA energy measures with coefficients of determination, R-squares,
ranging from 0.9806 to 0.9988. Furthermore, the R-squares of
these relationships were only slightly diminished by removing ser-
ial autocorrelation from the data set, thus the relationship between
the energy consumption variables is not dependent on the past his-
tory of the variables. This relationship is further demonstrated by
the fact that there was little difference between using the three
QA energy measures (QA I, II, III) and Emergy QA when eval-
uating the relationship between economic activity and energy
consumption. For example, the exponent describing the relation-
ship between nominal GDP and Emergy QA was 2.49 and the
relationship had an R-square of 0.9613, values that place it within
the range of values established by the other measures of QA energy
consumption (Table 2). When we evaluated null hypothesis 2 (see
Energy/Economic Analyses and a Model of Coupled Flows in Eco-
nomic Exchange) using the K–S test, we found that the distribution
of values in Emergy QA was indistinguishable from unadjusted
energy, QA I, and QA III, but it differed from QA II and total
emergy use. Thus, we can reject the null hypothesis except for QA
II, which implies that Emergy QA is an appropriate QA energy
consumption measure and than QA II is not a typical QA energy
measure, since its distribution of values is significantly different
from unadjusted energy, QA I, QA III, and Emergy QA based on
the K–S test.
Unadjusted energy and QA energy consumed
Unadjusted energy consumption behaves somewhat differently
from the QA energy consumption measures, as evidenced by the
fact that most of the variation in unadjusted energy consumption
as a function of nominal GDP was explained by a logarithmic func-
tion (Table 5), but a hyperbolic function plus a constant explained
the most variance for all measures of QA energy consumption.
Furthermore, all of the QA measures explained more of the vari-
ance in both nominal and real GDP than did unadjusted energy
consumption, indicating that there is an increase in explanatory
power gained by quality adjustment as found by Cleveland et al.
(1984, 2000).
QA II compared to other measures of energy consumption
A power function of QA II provided a slightly better fit to the data
on nominal GDP (i.e., it explained 1–2% more variance) than the
other QA measures of energy consumption, but the better fit was
obtained at the expense of the greatest deviation of the exponent
from the predicted third power law relationship (Table 2). Also,QA
II gave the best fit to the economic variables in the models exam-
ined by Cleveland et al. (1984); however, the factor (16.8) that was
used to adjust the quality of electricity relative to coal is much
greater than one would expect based on the relative efficiency of
the transformation of coal energy into electric energy (Ko and Hall,
2003). Power functions explaining Emergy QA, QA I, and QA III
have R2 values lower than QA II, but they are based on quality
adjustment factors closer to the relative efficiency of generating
electric power from coal. Thus, QA II is apparently a constructed
variable not based on a valid underlying theory or process that
explains economic activity better than the other energy consump-
tion measures. The K–S test showed it to be an emergy mimic,
i.e., the distribution of its values was not distinguishable from the
distribution of total emergy use values.
REAL GDP AS A FUNCTION OF ENERGY CONSUMED AND TOTAL
EMERGY USE
A power law function explained the most variance in real GDP as
a function of all energy consumption measures and emergy use.
The strongest statistical relationship (R2= 0.9914) for real GDP
was found as a function of total emergy use. There was little dif-
ference between unadjusted energy consumption and QA energy
consumption measures in their ability to explain the variance in
real GDP, e.g., there was only a 1% difference in the R2 of the fits
between the best, QA II, and the worst, unadjusted energy. This
observation implies that we might expect similar dynamics to be
controlling the relationship between real GDP and all measures of
energy consumption.
THE RELATIONSHIP BETWEEN ENERGY CONSUMPTION MEASURES
AND GDP MEASURES
The relationship of energy consumption measures as a function of
nominal GDP
Because the transformation of energy potentials is fundamental to
all activity, it is understandable that energy consumption might be
taken as the single most important biophysical factor explaining
economic activity. Indeed, by its nature energy is not a limiting
factor, i.e., it does not reach a saturation level as defined by Liebig’s
law,because an additional increment of available energy is required
to support the next increment of any ordering process. Thus, avail-
able energy is not expected to be present in excess, but if there is an
insufficient supply, of course, activities will be constrained. How-
ever, the data presented here clearly show that the rate of energy use
per unit of nominal and real GDP gained has declined since 1996.
The fact that the hyperbolic function plus a constant gives the best
fit to the relationship between energy consumption and nomi-
nal GDP is significant, because the hyperbolic function describes
the limiting factor interaction in enzyme kinetics (Neame and
Richards, 1972). Thus, while energy is not normally thought of as
a limiting factor under certain conditions, such as its relationship
with economic activity in advanced economies, apparently it can
take on some of the properties of a limiting factor function.
It is also significant that the hyperbolic function must be paired
with a constant term to give the best fit to the relationship between
energy consumed and nominal GDP. This implies that there is
indeed an incremental increase in energy consumption that is
required for an incremental increase in nominal GDP, but in this
case a greater increase in nominal GDP was gained for the incre-
ment of energy use, e.g., about a fivefold multiplier for nominal
GDP for a unit increase in energy use from 1996 to 2011 was cal-
culated from the data. This means that in the near term, there
should be some scope for energy conservation while still main-
taining moderate economic growth. In our exploratory statistical
analysis, which was mentioned in our proceedings paper on this
www.frontiersin.org October 2014 | Volume 2 | Article 41 | 25
Campbell et al. Relationships among the energy, emergy, and money flows
subject (Campbell and Lu, 2009), we found that a double hyper-
bolic function plus a constant could best explain the departure of
energy consumption measures from a power function of nominal
GDP with one part of the function applying prior to 1981 and the
other for the later years (Figure 12A).
The relationship of energy consumption measures as a function of
real GDP
The best fit functional relationships between all measures of energy
consumption and real GDP tell an even more surprising story.
The best fit curve is a second order polynomial, which implies
that energy consumption has begun to bend lower as real GDP
increases. This pattern implies that there has been an overall
increase in energy efficiency, because as we mentioned earlier some
increment of energy increase is always required for any increment
of economic production. Such an increase in overall efficiency
could result from technological improvements in the efficiency of
the energy transformation processes or from the rotation of eco-
nomic production into less energy intensive industries, e.g., a shift
from heavy industry and manufacturing to information-based
economic activities.
In this case, the hyperbolic function plus a constant explains
almost as much of the variance in real GDP as is explained by the
second order polynomial function and the two relationships are
close enough that we will not attempt to distinguish definitively
between them without further statistical analyses. However, we
used the AIC to show that the three parameter second order poly-
nomial model was indeed a better fit to the data than that supplied
by the two parameter models, which in most cases was a power
function (Tables 4 and 6). Also, AIC was used to confirm that the
three parameter hyperbolic plus a constant model was best when
compared to competing two parameter models, i.e., those with
lower R2, in Table 5. Thus, AIC confirmed that the three parame-
ter models provided a better fit of the data on energy consumption
measures to real and nominal GDP based on information theoretic
criteria.
Empirical confirmation of the functional relationships
Data showing decreased CO2 emissions from fossil fuels and
cement manufacture in the U.S. economy from 2000 to 2012
(Oliver et al., 2013) confirmed the observations from our mathe-
matical and statistical analyses of energy consumption as a func-
tion of the measures of economic activity. Thus, we can say
that our analysis indicates and the observed data on U.S. CO2
emissions confirms that there has been and may continue to be
scope for implementing policies that reduce the intensity of fossil
energy consumption and concomitant CO2 emissions while still
maintaining some scope for growth in real GDP.
THE RELATIONSHIP BETWEEN ECONOMIC AND EMERGY MEASURES
OF REAL WEALTH
Making allowance for the perturbations listed earlier, the data
show that real GDP in chained 2000 $ increased in a near lin-
ear manner (R2= 0.979) as a function of total emergy used from
1900 to 2011 (Figure 10B). Thus, real GDP, the economic mea-
sure of real wealth, was almost a linear function (a power law fit
was somewhat better, explaining an additional 1.24% of the vari-
ance) of total emergy use, which purports to be real wealth itself.
However, the ratio of total emergy use to real GDP in chained
2000 $ (Figure 9A) declined monotonically from 1902 to 2011
in a near linear manner (the difference in the amount of vari-
ance explained between the power law best fit and a linear fit was
3.14%). This occurred because both flows increased over the time
period, but real GDP increased at a faster rate (31X versus 11X).
Thus, real GDP, the economic measure of “real wealth” appeared
to still contain residual inflation compared with the emergy mea-
sure of real wealth. Residual inflation in real GDP is particularly
apparent during WWII and in the period from 1982 to 2000. This
implies that the economic system may have a bias toward struc-
tural inflation built into its inflation free measure. Such a bias,
if it exists, would discourage unproductive hoarding of money
and work toward keeping real wealth (emergy) flowing in the
economy. An alternative explanation is that the economic mea-
sure (real GDP) maybe capturing a progressively increasing real
wealth inflow not well measured by the current emergy methods,
e.g., the increasing emergy of information delivered in the work
of people (Campbell et al., 2011; Campbell and Lu, 2014).
THE SIGNIFICANCE OF CHANGES IN THE EMERGY TO MONEY SUPPLY
RATIOS
The Monetary Control Act of 1980 gave the Federal Reserve the
reporting requirements that it needed to more accurately control
the growth of the M1 money supply. Returning to Watt’s model
above, we note that fiscal policy and adjustment of the money sup-
plies has been a primary tool to control economic activity, at least
since 1980. These policies seem to have worked as evidenced by
the fact that the M1 money supply and the ratio of total emergy
use to M1 remained relatively constant from 1987 to 2007. Over
this time, the EMR of the M1 money supply declined 0.2% per
annum, whereas, the EMR of nominal GDP declined 2.0% per
annum. In comparison, the EMR of real GDP declined only 0.09%
per annum over this time, which illustrates the efficacy of the Fed-
eral Reserve’s monetary policy. In addition, the closer tracking
of real GDP attained through controlling the M1 money supply
may explain, in part, the close proportional relationship of total
emergy use (growth rate 3.9% per annum) and real GDP (growth
rate 4.0% per annum) observed between 1987 and 2007. These
observations imply that the Federal Reserve’s policy to control the
M1 money supply to counter inflation worked.
In contrast, the ratios of total emergy use to the M2 and M3
money supplies only remained stable from 1986 to 1997 and then
began to decline, showing a departure between these two mea-
sures and the flows of real wealth in the economy. This decline
was particularly apparent for M3, which by 2007 had approached
nominal GDP in its magnitude. The expansion of the M3 money
supply, the broadest measure of easily available money in the U.S.
economy, indicated that inflationary pressures were building from
1997 to 2007 that may have contributed to the speculative “bub-
ble” of lending and construction shown in the material use data,
which along with ill-conceived banking practices and other factors
(Stiglitz, 2010) resulted in GR08.
In retrospect, we can see that controlling the M1 money supply
alone does not tell the whole story of what is needed to control
inflation in an economy. In addition, the velocity of money must
be considered. Whereas, inflation is clearly seen in the M3 money
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supply leading up to GR08, the M1 is apparently stable, but when
the velocity of money is considered, a strong inflationary pressure
in the total flow of M1 is evidenced by the increasing velocity of
money. The velocity of M1 increased 4.5% per annum from 1993
to 2007 followed by a precipitous decline in the rate of spending
after 2007. Apparently, increased circulation of M1, even while
the overall quantity of M1 was being held constant, resulted in a
run-up in the EMR for real GDP from 2003 to 2007.
ENERGY CONSUMPTION VERSUS EMERGY USE AS A MEANS TO
EXPLAIN ECONOMIC ACTIVITY
In theory, total emergy use is a more complete measure of activity
in a socioeconomic system than energy consumption alone, simply
because it contains information on the inputs driving economic
production in addition to energy consumption (Figure 1). In fact,
the magnitudes of the emergy inputs demonstrate that mineral and
not energy inflows have been the largest emergy input to the U.S.
since 1938. Thus, we consider the question, “Is there a fundamen-
tal difference between total emergy use and energy consumption
measures in terms of their relationships to economic activity?” We
have shown (Table 5) that apparently, the relationships of all mea-
sures of QA energy consumption as a function of nominal GDP
appear to be governed by a hyperbolic function plus a constant.
The operation of limiting-factor-related dynamics with regard to
energy consumption as a function of nominal GDP, rather that
the expected power law relationship is evidenced by the departure
of the energy consumption data from a power law relationship
for large values of nominal GDP, e.g., after 1996. In addition, the
functional relationship that best described all energy consumption
measures as a function of real GDP was a second order polyno-
mial, which is a functional form consistent with the higher real or
apparent energy transformation efficiencies implied by the hyper-
bolic plus a constant relationship found for energy consumption
as a function of nominal GDP.
In contrast to energy consumption measures, the power law
relationship for total emergy use with real GDP continues to hold
over the period from 1996 until 2011 (Figure 13). This implies
that total emergy use is capturing more of the factors responsi-
ble for the increase in real GDP than the energy consumption
measures alone. Since the difference between economic and social
activities and energy use before and after the introduction of the
personal computer (1977–1982) is apparently related to the mag-
nitude and importance of information processing, it is logical that
overall energy consumption measures will not reflect this tran-
sition completely because of the larger material and information
resources now required to support this additional economic activ-
ity. However, certain aspects of energy consumption, such as the
greater use of electric power to support information processing,
may certainly be associated with this change (Cleveland et al.,
2000). Nevertheless, the results of our analysis indicate that total
emergy use more effectively quantifies the resource base support-
ing the GDP of the U.S. economy from 1982 to the present time,
i.e., during the information age.
COMPARISON OF EMERGY AND ECONOMIC MEASURES OF INFLATION
Over most of the time from 1900 to 2007, we found that
there appeared to be a good overall correspondence between an
economic measure of inflation, the CPI, and the EMR, a mea-
sure of inflation given in terms of real wealth, when the percent
changes in the two indicators were compared from 1 year to the
next. Variations in the EMR are closely tied to fluctuations in
resource use, and therefore resource availability. Thus, the global
recession of 1957–1958 that was characterized by restriction in
resource imports is represented by a larger percent change in the
EMR than in the CPI. Also, the characterization of the period from
1996 to 2011 leading up to and including GR08 is very different,
when portrayed by the two indices (see Economic and Emergy
Indices of Inflation and Changing System Structure). The EMR
indicates that the inflationary and deflationary effects of GR08 on
the U.S. economy were much greater than portrayed by economic
measures of inflation and deflation, such as the CPI with the real
wealth measure showing periods of mild to moderate deflation
and strong inflation that are not detected by the CPI.
TRUE MAGNITUDE OF THE GREAT RECESSION OF 2008
The true magnitude of GR08 can be gaged by comparing changes
in the emergy use, energy consumption, and GDP numbers to
similar changes during the GD. The percentage decline in the use
of emergy to support the U.S. economy during GR08 (measured
from the year before the event began to its low point) was 70% of
the decline experienced during the GD, whereas, the absolute mag-
nitude of the GR08 decline was 3.35 times greater than that seen in
the GD. During GR08, the relative change in energy consumption
as measured by Emergy QA was 108% of that experienced during
the GD and the absolute value of the change was 11 times greater.
In contrast, changes in economic activity characterize GR08 as a
much milder event relative to the GD. For example, the percent
change in nominal GDP during GR08 was only 0.86% that of
the GD and the absolute magnitude of the event was 1.22 times
greater. Real GDP gives a similar picture with the relative change
in the indicator being 12.8% that of the GD and the absolute mag-
nitude of the event 1.8 times that of the GD. In terms of the decline
in real wealth supporting the U.S. economy, GR08 has been a much
stronger event than is commonly understood from the changes in
real and nominal GDP. Unemployment in the U.S. economy may
be a more accurate indicator of the decline in real wealth associ-
ated with GR08. For example, in 2008, the U.S. Bureau of Labor
Statistics reported an official unemployment rate of 10%, which is
62.3% of the average unemployment (1929–1941) for the time of
the GD.
STRUCTURAL CHANGE IN THE U.S. ECONOMY AND THE FUTURE
A transition period (1974 to 1982–3) occurred shortly after the
peak in conventional oil production in the U.S. (1970) predicted
by Hubbert (1949). Political conditions in the world were rapidly
changing at this time. The Iranian Revolution of 1979 following
the Arab oil embargo of 1974 further raised the specter of oil limits
on U.S. economic productivity. At the same time, the inflationary
period of the 1970s was being brought under control by the Federal
Reserve’s tight money policy under the direction of Paul Volker.
By 1985, investment was flowing again and the nuclear power
industry, which had not added much new capacity during the 70s,
was adding to electricity production. Coal-fired power plants were
also being built and petroleum consumption declined as these two
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increasing sources of electric power provided more of the energy
supporting the U.S. economy. Thus, this transition time corre-
sponds to a de facto shift in the energy policy of the U.S. toward
greater reliance on electric power. After 1983, real GDP appears
to be a better index of real wealth (i.e., total emergy use), possi-
bly because the emergy inputs to the U.S. economy became more
diverse, and therefore, were less dominated by the emergy of the
energy sector. Also, changes in the structure of the energy sector
reinforced this correspondence, because the changes allowed more
of the real wealth in that sector to be tracked by the economy, e.g.,
electricity contains more human work as a fraction of the total
emergy required for its production than petroleum (Bastianoni
et al., 2009). In addition, a larger fraction of petroleum use was
imported.
This transition period also corresponds to the start of the period
of rapid growth in the use of computers and eventually the internet
(Day et al., 2005), which in turn is a marker for the socioeco-
nomic transition to the information age. In addition to the dawn
of the information age, this transition period in the structure of
the energy and emergy basis of the U.S. economy also marks the
beginning of the emergence of the U.S. as a nation dependent on
imports.
As the Great Recession ends, the question arises, “Will GR08
become another transition point that heralds a structural change
in the U.S. economy similar to what happened from 1978 to 1982
and after the GD?” Specifically, will GR08 initiate a transition away
from the path of super-accelerated growth that has characterized
U.S. economy from 1900 to 2011? Alternatively, will new fossil
fuel extraction technologies such as horizontal drilling and frack-
ing make sufficient fossil energy resources available to allow rapid
growth to continue for a while longer?
In the long run, such rapid growth cannot continue indefinitely,
because finite energy and material supplies will limit increase. The
current emphasis on developing a more sustainable world sys-
tem (United States Environmental Protection Agency (USEPA),
2011), i.e., one where energy and mineral resource use is balanced
against the rate of resource depletion and the environmental dam-
age caused by wastes, promises to lead toward a healthier and more
prosperous future. The magnitude of the GR08 perturbation may
be seen as a warning that the hour for successful implementation
of wiser resource management, environmental, and fiscal policies
is getting late, yet the results of our study give hope that it may not
be too late to move toward a system with a slowing growth curve
that focuses on improving system design and quality of life rather
than continuing on a trajectory of super-accelerated growth that
must ultimately fail. For a longer term perspective on the future,
see Odum and Odum’s (2001) discussion of the “prosperous way
down” and the description of the cycle of change in Campbell and
Garmestani (2012).
In this study, the EMR was shown to be a measure of inflation
and deflation in the U.S. economy in terms of the relationship
of the flow of real wealth to money. We believe that the rates of
decline in the various EMRs discussed in this paper could be used
to inform adjustments to monetary policy that, in turn, could
lead to a greater flow of real wealth in the U.S. economy; thereby,
moving toward the integration of fiscal methods of management
with those based on EST principles and biophysical measures such
as emergy. Structurally, it can be good policy to build in modest
inflation relative to real wealth. This provides an incentive to those
that have money, to reinvest it in ways that will produce more
emergy flow in the system (i.e., by increasing the productive use of
both non-renewable and renewable resources). In our view, poli-
cies affecting the money supply, the inflation rate, and the velocity
of money relative to the coupled emergy flows are all potentially
important in providing information to maximize the flows of real
wealth in society. Thus, we recommend that a suite of EMR ratios
be designed to set robust monetary policies, i.e., policies that adjust
money supplies, the velocity of money, and the inflation rate in a
manner that allows the economy to maximize empower (Odum,
1996) through “real wealth building” work6.
CONCLUSION
In this paper, we used a conceptual model (Figure 1) and hypoth-
esis testing (H 0 1) to demonstrate that from 1900 to 2011, total
emergy use has been more closely related to economic activity in
the U.S. economy than measures of energy consumption. We used
the same model to show that many environmental products and
services are not coupled to money flows, and thus, relatively poor
correlations between measures of conventional economic activity
and emergy use may be expected, for less developed economies as
proposed by Ko and Hall (2003).
We used a second conceptual model (Figure 2A) to demon-
strate the coupling between emergy use/energy consumption and
economic activity, which explains why establishing causality with
Granger-related methods has been difficult. As an alternative
means of investigating causality within the web of resource and
money flows in a developed economy, we suggested performing
sensitivity analyses on calibrated ESL simulation models as a way
to quantify causality by observing the relative effects of changes
in money, energy, and emergy inputs on the storages and flows
within the system. We used a third conceptual model of dynamic
growth within a system running on excess resources (Figure 2B)
and hypothesis testing (H 0 3) to develop evidence that supports
the hypothesis that a third power law based on cooperation to
promote growth has governed the increase in U.S. nominal GDP
from 1900 to 2011.
We evaluated pairs of variables using linear and non-linear
regression methods to better understand the functional relation-
ships between measures of economic activity and measures of
energy consumption and total emergy use and vice versa. The
major conclusions from the pair-wise analysis are as follows: (1)
We used linear regression and hypothesis testing (H 0 2) to demon-
strate that the emergy of energy consumption (Emergy QA) was
an appropriate measure of QA energy consumption. (2) Using
non-linear regression, we showed that a second order polynomial
function provided the best fit for all energy consumption measures
as a function of real GDP; indicating that, over the past 18 years,
energy conservation measures or changes in the mix of economic
6Thinking in this research genre seems to be further advanced in terms of integrat-
ing energy measures with monetary policy to chart a sustainable future (Sgouridis,
2014). In our view, the next step after this paper would be to begin similar research
using emergy, which provides a more complete biophysical basis for explaining
economic activity.
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activities in the U.S. economy have been effective in decreasing
energy consumption per unit of real GDP growth. This result
was confirmed by data on the decline in U.S. emissions of CO2
from 2000 to 2012. (3) Energy consumption measures deviated
from a power law relationship for large values of both nominal
and real GDP, but emergy use maintained a power law relation-
ship with both measures of economic activity over the entire time
examined, indicating that total emergy use may be a better indica-
tor of the requirements for economic growth in the information
age. (4) The economic measure, real GDP, was found to have a
near linear relationship with total emergy use (real wealth) over
the 112 year period examined. However, its EMR (total emergy
use/real GDP) showed a trend that contained residual inflation
over this time.
The EMR was used to characterize major socioeconomic events
occurring in the U.S. from 1900 to 2011 into periods of inflation
and deflation in real wealth. In addition, we provided a table of
emergy inputs to the U.S. economy from 1900 to 2011 along with
the total emergy used, the nominal GDP, and the EMR for each
year for use in future emergy analyses including those related to
setting economic, fiscal, and environmental policies. To meet the
need for integrated fiscal and biophysical methods of evaluating
current economic conditions as called for by Watt, we recommend
that variations of the EMR be used as a guide to inform adjust-
ments to monetary policy with the goal of building real wealth and
maximizing the nation’s empower. This might be accomplished by
identifying periods of excessive inflation or deflation in real wealth,
when a variety of policy adjustments may be needed.
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